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To maintain cell identity and function, a dividing cell must replicate not only its 
genome but also the epigenome. Epigenetic modifications at histones and DNA must 
surmount the challenge of DNA replication, in which chromatin is disassembled 
ahead of the replication fork and then reassembled onto two daughter genomes after 
DNA synthesis. Restoration of epigenetic modifications is a critical step since it can 
affect the maintenance of information conveyed at the epigenomic level and in turn 
impact gene expression and genome stability. However, it remains largely unknown 
how chromatin and epigenetic states are restored to parental states.  
Current models of epigenetic inheritance are based on the notion that the newly 
synthesized DNA is rapidly methylated and assembled into chromatin shortly after 
replication. These models are mostly based on studies performed genome wide 
without taking in account that distinct chromatin states display different replication 
timings and have specific factors involved in their reestablishment. 
 
The aims of this work were to determine the temporal dynamics of chromatin 
restoration after replication and to define whether euchromatin and heterochromatin 
use the same modalities to duplicate their chromatin and epigenetic signature. 
In contrast to previously postulated models for chromatin assembly, the data of this 
thesis show that nucleosome assembly at heterochromatic repeats is a slow process 
that lasts until G2/M. This is a specific feature of heterochromatin since nucleosome 
assembly after replication of euchromatic sequences is a rapid process, as described 
for bulk chromatin in early works. Furthermore, establishment of DNA methylation, a 
typical mark of constitutive heterochromatin, is not completed as soon as DNA is 
duplicated but it requires several hours after replication.  
It has previously been shown that Poly(ADP-ribose)-polymerase-1 (PARP1) 
transiently associates with nascent heterochromatic DNA. The results presented here 
reveal that ADP-ribosylation is required for the slow deposition of nucleosomes and 
for the establishment of DNA methylation. Pharmacological inhibition of PARP1-
mediated ADP-ribosylation induces a rapid assembly of nucleosomes at nascent 
heterochromatin and impairs DNA methylation without altering the association of the 





Together, the results indicate that ADP-ribosylation mediates a delayed post-
replicative nucleosome assembly at heterochromatin that facilitates methylation at 
DNA, unraveling a post-replicative temporal coordination between nucleosome 
deposition and DNA methylation. Hypomethylation at heterochromatic DNA repeats 
is a hall-mark of cancer cells. The described post-replicative temporal coordination 
between nucleosome deposition and DNA methylation might represent an important 
process to consider in future studies aimed to understand alterations in epigenome and 








Um die Identität und Funktion zu wahren, muss eine sich teilende Zelle nicht nur 
ihr Genom sondern auch ihr Epigenom duplizieren. Während der Replikation wird 
die Chromatinstruktur vor der Replikationsgabel vorübergehend aufgelöst.  
Epigenetische Modifikationen an Histonen und DNA müssen nach der DNA 
Synthese wieder etabliert werden, damit die epigenetische Information, welche die 
genetische Expression und Genomstabilität kontrolliert, erhalten bleibt. Wie die 
Chromatinstrukturen und die epigenetische Signaturen nach der Replikation erhalten  
werden, ist noch nicht bekannt. 
Derzeitige Modelle gehen davon aus, dass die neu synthetisierte DNA direkt nach 
der Replikation methyliert und wieder in Chromatin verpackt wird. Diese Modelle 
basieren auf Studien, welche das ganze Genom untersucht haben. Solche Daten lassen 
jedoch ausser Acht, dass Euchromatin (offen und ohne DNA Methylierung) und 
Heterochromatin (hochkondensiert und reich an DNA Methylierungen) zu 
verschiedenen Zeiten der S-Phase repliziert werden und dass unterschiedliche 
Faktoren zu deren Aufrechterhaltung benötigt werden.  
 
Das Ziel dieser Arbeit war es, die temporale Dynamik der Chromatin- 
wiederherstellung nach der Replikation zu bestimmen. Zusätzlich sollte definiert 
werden, ob Euchromatin und Heterochromatin identische Mechanismen nutzen um 
ihr Chromatin zu duplizieren. 
Die Ergebnisse zeigen, dass Nukleosomen nur langsam in Heterochromatin 
repetitiver Sequenzen inkorporiert werden. Dieser Prozess dauert mehrere Stunden 
bis in die G2/M Phase und ist spezifisch für Heterochromatin, da euchromatische 
Sequenzen gleich nach der DNA Synthese auf Nukleosomen aufgewickelt werden. 
Überdies demonstrieren die Daten, dass auch die DNA Methylierung nicht direkt 
nach der Replikation wiederhergestellt wird, sondern dafür mehrerer Stunden 
benötigt.  
Seit kurzem ist bekannt, dass Poly(ADP-ribose)-polymerase-1 (PARP1) 
vorübergehend an neu synthetisierte, heterochromatische DNA bindet. Die 
Ergebnisse dieser Arbeit zeigen nun, dass die ADP-ribosylierung für eine langsame 
Inkorporierung der Nukleosomen und die Wiederherstellung der DNA Methylierung 




blockiert, werden Nukleosomen, wie bei euchromatischen Sequenzen, sofort nach der 
Replikation  in das neue Heterochromatin eingebaut. Zusätzlich verhindert die 
Inhibierung der PARP1-Aktivität die Erhaltung der DNA Methylierung, jedoch ohne 
dabei die Rekrutierung der verantwortlichen Faktoren zu beeinflussen.  
 
Zusammengefasst zeigen die Daten, dass ADP-ribosylierung eine verlangsamte 
post-replikative Nukleosominkorporation vermittelt, welche die DNA Methylierung 
vereinfacht. Somit beschreibt diese Arbeit eine temporale Koordination zwischen der 
Inkorporation von Nukleosomen und der DNA Methylierung. Hypomethylierung von  
heterochromatischen, repetitiven DNA Sequenzen ist ein Kennzeichen von 
Krebszellen. Die beschriebene post-replikative temporale Koordination zwischen 
Nukleosominkorporation und DNA Methylierung könnte einen wichtigen Prozess 
repräsentieren, welchen man für zukünftigen Studien von Veränderungen des 
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A human haploid genome consists of approximately 3.2 billion nucleotide bases, 
which make up about two meters in length. Each eukaryotic cell contains a complete 
genome and has to compact the DNA approximately 100 000 times in order to fit it 
into the nucleus. The long DNA molecules in any eukaryotic cell are packed and 
organized into a DNA-protein complex called chromatin (Figure 1). Chromatin 
controls all nuclear processes like DNA repair, recombination, replication and 
transcription. In eukaryotes, a so called nucleosome consists of 147 base pairs of DNA 
wrapped around a histone octamer assembled from 2 copies of the core histones H2A, 
H2B, H3 and H4 (Kornberg, 1974). Nucleosomes are connected by linker DNA of 
variable lengths which is bound by the linker histone H1 (Thoma et al., 1979). 
However, nucleosomes can be further diversified through the incorporation of histone 
variants, differing in their amino acid sequences from the canonical histones. These 
histone variants can have a great impact on chromatin structure and function through 
alterations the nucleosome architecture (Bernstein and Hake, 2006; Sarma and 
Reinberg, 2005).  
 
 
1.1.1 Euchromatin and heterochromatin 
The foundation to categorize the eukaryotic genome into two major functional 
states was already laid in 1928 by differential chromosomal staining. Basic dyes let to 
the observation of distinct chromatin regions with some being brightly stained whereas 
others remained barely visible. These two distinct regions were termed 
heterochromatin and euchromatin. Euchromatin corresponds to a rather open and 
transcriptionally active conformation and is usually replicated early in S phase. 
Heterochromatin designates a condensed and transcriptionally inert conformation that 
is generally replicated late in S phase. The main function of heterochromatin is 
shielding the underlying DNA sequences from proteins or factors trying to access the 
DNA for a number of processes like transcription or repair (Dillon and Festenstein, 
2002). Heterochromatin can be further divided into two categories: facultative and 
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constitutive heterochromatin. Facultative heterochromatin can be found on multiple 
chromosomal regions and its genes have mostly been silenced upon developmental 
cues (Saksouk et al., 2015). A typical histone mark for facultative heterochromatin is 
H3K27me3 (Cao et al., 2002). On the other hand, constitutive heterochromatin is 
usually enriched in H4K20me3, H3K64me2/3, H3K9me3 and poor in acetylation 
(Daujat et al., 2009; Schotta et al., 2004). Furthermore, constitutive heterochromatin is 
though to be gene poor and occur at the same chromosomal regions in every cell type. 
It is found at pericentromeric regions (satellites), telomeres, ribosomal regions, as well 














Figure 1. Structure of chromatin DNA molecule wrapped around nucleosomes gives rise to a higher 
order structure allowing for compaction into the characteristic chromatin fibre and chromosomes. DNA 
methylation influences which genes are expressed, and other epigenetic factors (e.g. histone 
modifications) determine the compaction status of chromatin. Hence, both epigenetic marks control the 




Heterochromatin prevents recombination of these repetitive elements and transposition 
of transposable elements, rendering it paramount for genome stability (Carone and 
Lawrence, 2013; Guetg et al., 2010; Peng and Karpen, 2007). Moreover, 
heterochromatin integrity at centromeres has been shown to be indispensible for 
correct chromatid segregation during mitosis (Bernard et al., 2001). Interestingly, 
constitutive heterochromatic regions clusters together and are enriched at the nuclear 
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periphery and around the nucleolus (Meister and Taddei, 2013).  
 
 
1.1.2 Histone modifications 
Histones are globular proteins apart from their N-terminal tails, which protrude 
from the globular domain. The N-terminal tails of core histones can be a target of 
posttranslational modifications such as acetylation, methylation, and ADP-ribosylation 
(Kouzarides, 2007). Even though they are not very well understood, also PTMs of the 
globular core have been described and assigned crucial function in chromatin 
regulation (Cosgrove and Wolberger, 2005). Most histone modifications are reversible 
and represent a highly dynamic and versatile mechanism to control gene expression 
patterns and cell specification (Jenuwein and Allis, 2001). Histone modifications not 
only regulate higher-order chromatin structure and transcriptional states, but also 
recruit proteins and complexes, which have specific binding motifs for modified 
histone tails. These proteins can be scaffold proteins or have enzymatic activities such 
as remodelling enzymes to reposition nucleosomes. Histone modifications can occur in 
variable combination and characterize specific chromatin domains. This combinatory 
occurrence of histone modifications led to the concept of the histone code (Strahl and 
Allis, 2000). The histone code extends the information given by the genetic code and 
allows a highly dynamic regulation of transcriptional programs, replication, repair and 
recombination. 
Methylation of histone residues can mediate both active and repressive signals 
through recruitment of the according downstream effector proteins. Histone 
methylation occurs mainly on the side chains of lysis (K) and arginines (R) in the N-
terminal tails of histones H3 and H4 as well as in the globular domains of histones. 
The enzymes responsible for histone methylation are called histone methyltransferases 
(HTMs). They catalyse the transfer of a methyl group from S-adenosylmethionine to a 
lysine or arginine residue. All known histone methyltransferases contain a conserved 
methyltransferase domain called SET (Su(var)3-9, Enhancer-of-zeste, Tritorax) 
(Lachner et al., 2003). Lysine methylation can occur in three different states: mono-, 
di-, and trimethyl. These states are catalysed by different HMTs and have different 
effects on chromatin structure and transcription. For histone 3 lysine 9 (H3K9), G9a 
and GLP are mono- and di-methylases. SUV39H1/2 then di- and tri-methylate the 
methylated substrate. The trimethylated state of H3K9 (H3K9me3) mediates 
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heterochromatin condensation, gene silencing and the recruitment of Heterochromatin-
protein 1 (HP1) (Bannister et al., 2001; Lachner et al., 2001). Similarly, methylation of 
H3K27 and H4K20 are associated with repressed chromatin states, whereas 
methylations on H3K4, H3K36 and H3K29 are associates with expressed genes 
(Martin and Zhang, 2005; Volkel and Angrand, 2007). 
Histone acetylation is a dynamic chromatin mark, with important roles in gene 
regulation, DNA damage repair, and DNA replication. The balance between histone 
acetylation and deacetylation is kept through the action of two counteracting enzymes 
called histone acetyltransferases (HATs) and histone deacetyltransferases (HDACs). 
HATs catalyze the transfer of an acetyl group from acetyl-CoA to lysine residues, 
whereas HDACs remove the acetyl group from the lysine (Yang, 2004). Acetylation of 
histones are generally associated with transcriptionally active and chromatin regions 
with a low degree of condensation. Newly synthesized histones carry the very specific 
and evolutionary conserved combination of K5 and K12 acetylation on histone H4, 
which gets swiftly removed after incorporation into chromatin (Sobel et al., 1995).  
 
A less thoroughly described and understood histone modification is histone 
ribosylation. The transfer of a single ADP-ribose moiety from NAD+ to an acceptor 
site causes the release of nicotinamide. ADP-ribose residues can be found as mono-
ADP-ribosylation, long linear or branched chains of poly-(ADP-ribose) (PAR) of 
different length and complexity (D'Amours et al., 1999; Kawaichi et al., 1980). PAR 
polymerses (PARPs) can covalently attach PARs on acceptor proteins like histones 
(Hassa and Hottiger, 2008) 
 
 
1.1.3 PARP1 in the chromatin context 
PARPs are involved in many physiological and pathophysiological processed, 
including inter- and intracellular signaling, transcription, DNA repair, cell cycle 
regulation, mitosis as well as necrosis and apoptosis (Hassa et al., 2006). Poly(ADP)-
ribose polymerase 1 (PARP1, also known as ARTD1 (Hottiger et al., 2010)) is the 
most abundant (1-2 million proteins per cell) nuclear chromatin associated protein 
(Kawaichi et al., 1980). PARP1 can synthesize PAR polymers up to 200 ADP-ribose 
units in vitro (Alvarez-Gonzalez and Jacobson, 1987) (Figure 2).  
PARP1 can be divided into three basic functionally distinct domains: the N-
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terminal DNA binding domain, the central auto-modification domain and the C-
terminal catalytic domain (Ruf et al., 1996). Since its discovery, most investigatory 
efforts have been conducted towards its role DNA damage detection and repair 
responses (D'Amours et al., 1999). In the past decades the research field increasingly 
focused on understanding the role of PARP1 in other contexts like gene expression 
regulation or chromatin modulation. However, the role of PARP1 in chromatin 












Figure 2.  PARP proteins catalyze ADP-ribosylation using NAD
+




Much evidence exists to support a paradoxical dual contribution of PARP1 in 
transcription and chromatin regulation. One of the earliest functional effects described 
for PARP1 is the disruption of chromatin structures upon PARylation of histones and 
the destabilization of nucleosomes (Tulin and Spradling, 2003). Interestingly, histones 
have also been shown to bind to PAR in a non-covalent manner. 40 ADP-ribose 
residues covalently attached to PARP1 apparently suffice to fully disrupt a 
chromatosome (Althaus, 1992; Realini and Althaus, 1992). The affinity of histones for 
poly(ADP-ribose), especially on automodified PARP1, led to the proposal of a 
‘histone shuttle’ mechanism for chromatin relaxation/recondensation involving 
poly(ADP-ribose) (Realini and Althaus, 1992). According to this scenario, poly(ADP-
ribose) synthesized on PARP1 could locally dissociate histones from chromatin. 
Poly(ADP-ribose) would serve as a scaffold onto which histones could be sequestered 
in order to facilitate processes like DNA repair. Subsequent cleavage of poly(ADP-
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ribose) by PARG would then allow histone-DNA complexes to reform. Data to 
support this model are offered by early work from the Althaus and Poirer’s groups 
(Aubin et al., 1983; Poirier et al., 1982; Realini and Althaus, 1992). The possibility 
that automodified PARP1 can act as a scaffold for the transient and local sequestration 
of histones within relaxed chromatin domains, and by extension for the recruitment of 
enzymes and co-factors, is attractive, not only in the context of repair, but also for 
replication and transcription (Rouleau et al., 2004). 
Although PARP1 associates with the promoters of almost all actively transcribed 
genes, it only regulates a subset of the bound genes and has both positive and 
negative effects of transcription (Krishnakumar et al., 2008). PARP1-mediated 
PARylation has the ability to induce chromatin decondensation and enhance 
transcription (Kim et al., 2004). On the other hand, PARP1 binds to and regulates 
repressive heterochromatic structures such as telomeres (Beneke et al., 2008), 
centromeres (Kanai et al., 2003), ribosomal RNA repeats and human alpha satellites 
(Guetg et al., 2012) and is important for their maintenance and function. PARP1 has 
also been implicated in various ways in DNA methylation. Whereas it has been 
suggested that PARP1-mediated PARylation inhibits DNA methyltransferase 1 
(DNMT1) (Reale et al., 2005; Zampieri et al., 2012), recent evidence shows that 
PARylation of Ubiquitin-like, containing PHD and RING finger domains, 1 (UHRF1) 
inhibits UHRF1 mediated ubiquitination of DNMT1, therefore stabilizing DNMT1 
protein levels (De Vos et al., 2014). An additional level of complexity to this very 
diverse protein was added with the discovery of PARP1 as a histone chaperone, able 
to sequester histones (both in vivo and in cells) and to assemble nucleosomes in vitro 
when automodified (Muthurajan et al., 2014; Realini and Althaus, 1992). From all the 
before mentioned studies emerges a picture showing PARP1 as a versatile regulator 
of both eu- and heterochromatic regions. However the mechanistic details into each 
specific processes and their interplay in vivo remain unknown.  
 
 
1.1.4 DNA methylation 
DNA methylation is a highly conserved epigenetic modification of DNA playing a 
pivotal role in gene expression regulation. In higher eukaryotes, cytosines in CpG-
dinucleotides are frequently modified to 5-methylcytosines (5mC) (Bestor, 2000). 
Approximately 80% of all CpG-dinucleotied are methylated in the genome of 
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vertebrates and highly methylated sequences are found in satellite DNAs, repetitive 
elements, gene bodies and non-repetitive intergenic DNA (Li and Zhang, 2014). 
Generally, DNA methylation in GC-rich gene promoters is associated with gene 
repression, whereas active genes usually correlate with low DNA methylation levels 
at TSS and high levels in the gene body (Laurent et al., 2010). The remaining 
unmethylated CpGs are often located in clusters called CpG islands (CGIs). In the 
human genome 30% of the CGIs are located at transcription start sites (TSS) of so 
called housekeeping gens, allowing their constitutive expression (Han et al., 2008).   
Genome-wide methylation patterns are established during embryogenesis and are 
propagated during cell divisions. During the development, CpG methylation regulates 
developmental stage and tissue specific gene expression (Baranzini et al., 2010). 
Although the precise mechanisms by which DNA methylation affects chromatin 
states and architecture remain unknown, it is accepted that DNA methylation has a 
direct role in generating a closed chromatin structure (Keshet et al., 1986).  
The three DNA methyltransferase (DNMT) family members DNMT1, DNMT3A 
and DNMT3B harmonize in the establishment and maintenance of DNA methylation 
patterns in mammals. DNMT3a and DNMT3b are known as de novo DNA 
methyltransferases, which are able to act on hemi-methylated as well as unmethylated 
CpG dinucleotides. In fact, DNMT3a shows a three times higher activity on 
unmethylated versus hemi-methylated DNA (Yokochi and Robertson, 2002). 
Inactivation of genes encoding DNMT3a and DNMT3b blocks de novo methylation 
in embryonic stem cells (ESC) and mouse embryos. DNMT3a and DNMT3b are 
required for normal mammalian development but have no influence on the 
maintenance of imprinted methylation patterns (Okano et al., 1999).  
Established DNA methylation patterns are stably inherited by the action of 
DNMT1.  Reduction of DNMT1 in somatic cells leads to hypomethylation, genomic 
instability and cancer (Brown and Robertson, 2007). DNA methylation maintenance 
is discussed further in chapter 1.2.3 DNA methylation maintenance. 
 
Even though the exact mechanisms are not yet satisfactorily elucidated, there is 
overwhelming evidence speaking for a complex interplay between DNA methylation 
and histone modifications. Typical regions marked with DNA methylation and 
H3K9me2/3 are silenced and consist of constitutive heterochromatin like ribosomal 
RNA and centric- and pericentric repeats. A special relationship has been described in 
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numerous publications between these heterochromatic marks. DNMT1 is targeted to 
nascent DNA by UHRF1 (Sharif et al., 2007). UHRF1 has a unique hemi-methylated 
DNA binding activity as well as a Tudor domain binding specifically to H3K9m2/3. 
It has been shown very recently that UHRF1 with a mutated binding domain for 
hemi-methylated DNA can still partially recruit DNMT1 to pericentric 
heterochromatin by its Tudor domain alone and vise versa (Liu et al., 2013). These 
data provide a mechanistic connection between DNA methylation maintenance and 
the H3K9me2/3 mark. Furthermore, UHRF1 directly binds the H3K9 specific 
methyltransferase G9a, thus ensuring a tight interplay between histone mark reader 
and writer (Kim et al., 2009). Another link between DNA methylation and H3K9me 
is provided by data showing that the DNA methylation reader methyl CpG binding 
protein (MeCP2) associates with the HMT SUV39H1/2 (Fuks et al., 2003). Fittingly, 
both proteins are concentrated at pericentromeric regions of heterochromain in 
immunostainings. Not only have functional links between DNA methylation and 
H3K9 methylation been described for the DNA methylation maintenance, but also for 
the de novo methylation. DNMT3a and DNMT3b are recruited to major satellites to 
H3K9 marks via HP1, and interact directly with SUV39H1 and SETDB1 (SET 
domain, bifurcated 1, an other enzyme methylating H3K9) (Fuks et al., 2003; 
Lehnertz et al., 2003; Muramatsu et al., 2013). The list of evidence does not end here 
and there are still innumerable open questions. However, the before mentioned 
studies clearly show a tight and crucial interplay between DNA methylation and 




1.2 Epigenetic inheritance  
During development of multicellular organisms, different cell types establish 
distinct gene expression profiles. Every cell of a particular organism comprises the 
identical genomic sequence and these transcriptional states are regulated through 
epigenetics. This comprises the stable and heritable information that is not encoded in 
the DNA. Every time a cell divides, its DNA as well as the epigenetic features must 
be duplicated to conserve the cellular identity.  Epigenetic information provides a 
form of memory not only for transcriptional programs but also architectural features 
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of constitutive heterochromatin needed for genome stability and chromatid 
segregation (see 1.1.1 euchromatin and heterochromatin). During DNA replication, 
both heterochromatin and euchromatin are disrupted ahead of the replication fork and 
are then reassembled into their original epigenetic states. How chromatin domains are 
restored on new DNA and transmitted through mitotic cell division remains a 
fundamental question in biology, with implications for development and complex 
diseases like cancer. Replication timing is generally recognized as an important 
control point for epigenetic inheritance (Hand, 1978). Active, euchromatic genes tend 
to be replicated in early S phase, whereas silent heterochromatic DNA regions are 
replicated in late S phase. The “window of opportunity” is an interesting model to 
explain this phenomenon (Goren and Cedar, 2003). It suggests that euchromatin 
replicated in early S phase is exposed to a nuclear environment favouring the 
formation of active transcription complexes. On the other hand, late replicating genes 
comprising heterochromatin are exposed to factors generating repressive structures.  
 
 
1.2.1 Chromatin replication 
Histones are displaced ahead of the replication fork to make the DNA accessible 
for the replication machinery and chromatin has to be reassembled after the passage 
of the replication fork. Nucleosome assembly is a two-step process where histones H3 
and H4 are deposited onto DNA first, followed by two H2A-H2B heterodimers. 
Subsequently, 147 bps of DNA are wrapped around the yielded octamer core. 
Histones are highly charged proteins and are incorporated at their designated place 
onto DNA through the help of histone chaperones (Smith and Stillman, 1989).  
Experiments in the 1970s and 1980s have shown that nucleosomes reassembles 
immediately behind the replication fork and that nascent chromatin loses its 
susceptibility to DNase I and MNase 10-15 min after replication (Hildebrand and 
Walters, 1976; Seale, 1975; Sogo et al., 1986). A large number of efforts that have 
been made to clarify the exact timing of chromatin maturation were performed in 
vitro. However, these results fail to take the complexity of different replication 
timings and epigenetic states into consideration. Moreover, different factors 
interfering or assisting with chromatin assembly are neglected in in vitro assembly 
studies.  
A central role in chromatin restoration in vivo plays Proliferating-Cell-Nuclear-
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Antigen (PCNA), since it has been shown to interact with various important 
chromatin factors including chromatin assembly factor 1 (CAF-1, the best 
characterized histone chaperone), DNMT1, HDACs, HMTs and chromatin 
remodelers (Alabert and Groth, 2012). Still it remains largely unknown when and 
how most chromatin components and modifiers are recruited.  
 
 
1.2.1 Histone segregation and the inheritance of histone modification 
When chromatin is reassembled, newly synthesized histones are incorporated 
alongside parental histones. New histones are generally thought to not carry the post-
translational modifications known to be involved in transmitting epigenetic 
information (Sobel et al., 1995). How new and old histones or histone dimers are 
distributed and reassembled after replication is still under debate. There is 
experimental evidence in the context of histone segregation supporting three distinct 
models (Figure 3).  
First, chromatin could be formed from a pool of new and old histones and 
distributed in a random fashion. This way, epigenetic marks would only be 
propagated if enrichment in several adjacent nucleosomes can be detected, whereas 
highly diluted marks would be lost. A second possibility is the semi-conservative 
manner via equal distribution of either H3-H4 dimers or tetramers on the nascent 
chromatin.  In this manner, the old histones would represent a sort of template and 
post-translational modifications can be copied onto new dimers or tetramers from the 
adjacent histones/nucleosomes (Margueron and Reinberg, 2010). In 2013, Tran et al. 
could show that histones distribute asymmetrically in asymmetric divisions of 
Drosophila germ line stem cells. The differentiating daughter cell was enriched in 
newly synthesized histones, whereas the daughter cell maintaining the stem cell fate 
retained the parental histones (Tran et al., 2013). The distribution of old and new 


























































Figure 3. Two models of histone deposition during replication. A. Histones segregate randomly 
between the leading and lagging DNA strands. B. The semi-conservative model of histone segregation. 
Ba Scheme showing H3-H4 segregating as dimers onto the nascent DNA. Newly synthesized H3-H4 
complete the tetramer. Bb This scheme shows the model were H3-H4 tetramers are inherited during 
the cell cycle. (Margueron and Reinberg, 2010) 
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Whichever way new and old histones are distributed, the assembly of new 
nucleosomes or nucleosome arrays inevitably causes a dilution of posttranslational 
epigenetic marks. To ensure the stability of chromatin structures and a faithful 
propagation of epigenetic states, cells need to reestablish the post-translational 
modifications. It is widely accepted, that histone marks are transferred with old 
histones into newly synthesized DNA (Alabert et al., 2015; Alabert et al., 2014; 
Margueron and Reinberg, 2010) . New histones however, have to be modified to  
stably maintain epigenetic signatures after replication. Until recently, it was believed 
that new histones are modified immediately after the passage of the replication fork.  
Similarly to current models about nucleosome assembly, this data was based on the 
findings that HMTs interact with PCNA. In recent years however, contradictory 
evidence has been found, showing that new histones are not always modified 
immediately after replication. Three different models have been described. A first 
model suggests that some modifications show the highest enrichment before 
replication, which gets diluted after segregation to the new daughter strands. In this 
way marks do not have to be added after replication, but are diluted to the right 
concentration after the passage of the replication fork (Lanzuolo et al., 2012). The 
second, and most thoroughly investigated model suggests a slow restoration of 
histone modifications, which can last until G1 of the next cell cycle (Scharf et al., 
2009; Xu et al., 2012; Zee et al., 2012). Data from a recent publication combining 
nascent chromatin capture (NCC) and triple-SILAC (stable isotope labeling with 
amino acids in cell culture) supports the model that most histone modifications are 
gradually restored after dilution (Pesavento et al., 2008; Scharf et al., 2009; Sweet et 
al., 2010). However, this work additionally found evidence that H3K9me3 and 
H3K27me2 marks are not simply inherited by a 2:1 dilution of marks and a gradual 
re-establishment by modification of the new histones (Alabert et al., 2015). Their data 
support a previously postulated model, that old and new histones are continuously 
modified through every cell cycle, while keeping the total number of modified lysines 
constant (Lanzuolo et al., 2012; Xu et al., 2012). Parental histones accumulate 
modifications with age and this “over-modification” is compensated by the new 
histones carrying fewer modifications. How histone modifications are maintained 
exactly is hence still under debate and conflicting evidence suggests that this complex 
question may have multiple valid answers. 
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1.2.2 DNA methylation maintenance  
DNA methylation is the only epigenetic mark, which is not removed by the 
replication fork. The DNA template during replication keeps its methylation mark 
throughout the cell cycle, however, newly synthesized strands incorporate only 
unmethylated cytosins. By virtue of the fact that CpG dinucleotides are symmetrically 
methylated, the parental strand functions as a template for the complementary 
daughter strand. DNMT1 is known as the maintenance enzyme for CpG methylation 
(Figure 4). Its specific role in DNA methylation maintenance at replication forks was 
long based on the fact that DNMT1 has been shown to have a 7.2 fold higher 
preference for hemi-methylated DNA over unmethylated DNA, and on its interaction 
with PCNA (Chuang et al., 1997; Hermann et al., 2004). However, DNMT1 also 
exhibits de novo methylation activity and it has recently been shown that its ability to 
bind PCNA is neither absolutely required nor sufficient for DNA methylation 
maintenance (Pradhan et al., 1999; Schermelleh et al., 2007; Spada et al., 2007). 
Recent evidence now suggests that UHRF1 represents the crucial mechanistic link 
between hemi-methylated DNA and DNMT1. Depletion of UHRF1 in mice results in 
methylation defects resembling the ones observed in loss of DNMT1 (Sharif et al., 
2007). UHRF1 (also known as ICBP90 in human and NP95 in mouse) contains a SET 
and ring-associated domain (SRA) that recognizes preferentially hemi-methylated 
DNA. Additionally, UHRF1 has an H3K9me2/3-specific-binding activity and has 
been shown to associate with pericentric heterochromatin (Karagianni et al., 2008). 
These unique features suggest that UHRF1 has a dominant role in recruiting DNMT1 
to nascent, hemi-methylated DNA associated with heterochromatic sequences. 
However, recruiting DNMT1 is not the only role reported for UHRF1. UHRF1 is also 
endowed with E3 ubiquitin ligase activity. It has been reported that UHRF1 is 
responsible to maintain a balance of DNMT1 levels by ubiquitinating DNMT1 and 
thereby compromising its stability (Qin et al., 2011). Additional evidence suggests, 
that this process is highly dynamic and can be fine tuned by a number of proteins, 
including PARP1. PARP1 has been shown to inhibit DNMT1 activity, whilst others 
report that PARP1 enzymatic activity suppresses the ability of UHRF1 to ubiquitinate 
DNMT1, thereby stabilizing DNMT1 (De Vos et al., 2014; Reale et al., 2005; 
Zampieri et al., 2009).  
 
 












Figure 4. Chromatin maintenance during replication. Parental and new nucleosomes are assembled 
behind the replication fork. PCNA recruits general chromatin factors like CAF1, HDACs and 
chromatin remodelers (William syndrome transcription factor WSTF-SNF2H). Depending on the 
methylation state of the replicated DNA, NP95 (UHRF1) and PCNA recruit DNMT1. Certain histone 
modifying enzymes like HDACs and G9a are indirectly recruited to methylated DNA through the DNA 
methylation maintenance machinery. (modified from (Probst et al., 2009) 
 
 
The before mentioned PCNA independence of DNMT1 implies that DNMT1 
activity may not be restricted to the replication fork. Indeed it has been shown that the 
interaction of DNMT1 with the replication machinery in vivo is highly dynamic and 
that DNMT1 binding to hemi-methylated sites does not prevent the progression of 
DNA replication. Additionally, it is doubtful if DNA methylation can come close to 
the DNA replication rate, as cytosine incorporation is 1000-10000 times faster than 
cytosine methylation (Schermelleh et al., 2007). These recent findings combined, 
suggest that DNMT1 does not depend on direct replication fork coupling. However, 
the question arises whether DNMT1 activity is highest at the replication foci due to 
easy accessibility of the DNA after replication. Several studies have tried to 
addressed this issue. The first in vitro study showed a reduced activity of DNMT1 in 
a chromatin environment in a highly DNA sequence dependent manner. CpG sites on 
the surface of 5S rRNA genes or the H19 promoter were completely methylated, 
whereas nucleosomes containing the Air promoter lost 90% of their DNA 
methylation (Okuwaki and Verreault, 2004). The same year another group showed 
that sea urchin 5S rDNA sequences wrapped around a nucleosome decreased DNMT 
activity 8 fold compared to naked DNA (Robertson et al., 2004). A definite answer on 
the effect of DNMT1 activity in a chromatin context has not yet been found. 
However, published data suggest a dynamic interplay of a wide variety of chromatin-
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associated factors (i.e. PCNA, UHRF1, PARP1), specific DNA sequences and 
chromatin environment for DNMT1 activity and stability. 
 
 
1.3 Inheritance of rDNA chromatin 
Ribosomal RNA genes (rDNA) localize within nucleoli and are transcribed by 
RNA Polymerase I (Pol I). The resulting 47S transcripts are the rRNA precursors, 
which are subsequently processed into 28S, 18S and 5.8S and packaged with 
ribosomal proteins to form the large and small subunits of ribosomes (Santoro, 2005). 
rRNA gene transcription can make up between 30 and 60% of a eukaryotic cell’s 
whole transcription effort to meet the high demand of ribosomes. In human diploid 
cells there are 400 copies of rRNA genes distributed on the short arms of acrocentric 
chromosome 13, 14, 15, 21 and 22 (Henderson et al., 1972). These regions are called 
nucleolar organizing regions (NORs) and fuse together to form the nucleoli. It has 
been proposed that the position of NORs helps to isolate rDNA units from other, Pol 
II or Pol III transcribed genes. Further isolation from other is granted through the 
adjacent centric- and pericentric constitutive heterochromatic consisting of repeats 
like macro- and alpha-satellites (in mouse major- and minor satellites) (McStay and 
Grummt, 2008; Saksouk et al., 2015). 
 
 
1.3.1 Epigenetic feature of rDNA  
Despite the high levels of rRNA synthesis, not all rRNA genes are actively 
transcribed. In each cell, a fraction of rRNA genes is competent for transcription and 
organized in euchromatic structures while the other portion is transcriptionally silent 
and heterochromatic (Santoro, 2011). Early studies have shown that Pol I is not 
loaded on all rRNA genes, indicating that they are not all actively transcribed 
(McKnight and Miller, 1976). Similarly, psoralen crosslinking, which only crosslinks 
naked DNA not associated with a histone octamer, produced crosslinked and 
uncrosslinked rRNA genes (Sogo et al., 1984). The relative amount of these two 
fractions stays the same in resting as well as growing cells. Therefore, the two 
chromatin states are stably inherited through the cell cycle and are maintained 
independently of rRNA transcription rate (Conconi et al., 1989). Transcriptional 
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silencing of rRNA genes was shown to occur through CpG methylation (Santoro and 
Grummt, 2001). In mouse cells, methylation of CpG at -133 impairs the association 
of the transcription factor UBF with rRNA sequences assembled into chromatin. 
Relying on these observations, an assay developed by Santoro et al. in 2002 based on 
chromatin immuno-precipitation (ChIP) coupled to CpG methylation measurement 
(ChIP-chop) enabled to distinguish protein factors, including posttranslational 
modifications of histones, bound to active (non-CpG methylated) or silent (CpG 
methylated) repeats (Santoro et al., 2002). This methodology allowed determining 
that rRNA genes competent for transcription (active rRNA genes), are free of CpG 
methylation, carry transcriptionally permissive histone modifications on their 
nucleosomes in the promoter regions (i.e. H4ac, H3K4me3) and associate with RNA 
Polymerase I (Pol I) and the upstream binding factor (UBF).  
On the other hand, silent CpG-methylated rRNA genes carry typical heterochromatic 
and repressive histone modifications (i.e. H4K20me3, H3K9me3) and do not 
associate with Pol I and UBF (Santoro et al., 2002) (Figure 5). An important factor 
that specifically associates with silent rRNA genes is the NoRC complex (Nucleolar 
remodeling complex), comprising TIP5 (TTF1-interacting protein 5) and the ATPase 
SNF2h. NoRC is key for heterochromatin maintenance at the rRNA genes. TIP5 
creates a platform to recruit a number of crucial epigenetic factors for 
heterochromatin silencing like DNMT1, HDACs and HMTs (Santoro and Grummt, 
2005; Santoro et al., 2002; Zhou et al., 2002). Recently, PARP1 has been identified as 










Figure 5. Model showing the chromatin composition of active and silent rRNA genes. Active 
rRNA genes are associated with UBF, Pol I and histones containing active modifications such as 
histone acetylation and methylation at H3K4. The silent rRNA genes are associated with the nucleolar 
remodeling complex NoRC. TIP5 through its association with the lncRNA, pRNA, and epigenetic 
enzymes (DNMT, HMT, HDAC and PARP1) is required to establish epigenetic silencing at rRNA 
genes. (red: DNA methylation; orange: histone repressive marks, i.e. H3K9methylation)  
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1.3.2 TIP5 and PARP1 in the inheritance of rDNA heterochromatin 
Due to their distinct chromatin signatures, active and silent rDNA copies have 
distinct windows of replication. Active, and therefore euchromatic rDNA, replicates 
during early S phase, whereas heterochromatic rDNA replicates during mid/late S 
phase (Li et al., 2005; Santoro et al., 2010). As mentioned above, NoRC is crucial to 
maintain heterochromatic states during cell divisions and it has been shown that its 
function requires a non-coding RNA (pRNA, promoter RNA) (Mayer et al., 2006). 
This long non-coding RNA is a processed intergenic RNA transcript of 200-250nt in 
size with a complementary sequence to the rDNA promoter. Binding of TIP5 to pRNA 
is essential for TIP5 nucleolar localization, binding to rDNA and establishment of 
silent rDNA chromatin (Mayer et al., 2008; Mayer et al., 2006; Savic et al., 2014). 
Recently, PARP1 has been identified as a further key player in rDNA silencing, 
specifically associating with silent rRNA genes (Guetg et al., 2012). The association 
of PARP1 with TIP5 is mediated by pRNA and the recruitment to rRNA genes is cell 
cycle dependent, occurring immediately after replicaton of silent rDNA (Figure 6). 
Once bound, PARP1 specifically parylates components of rDNA heterochromatin (i.e. 
PARP1 as automodification, TIP5, histones) (Guetg et al., 2012). PARP1 and ADP 













Figure 6. Inheritance of silent rDNA chromatin mediated by TIP5, pRNA and PARP1. After the 
passage of the replication fork in mid S phase, TIP5-pRNA-PARP1 complex binds to rRNA genes. 
PARP1 transiently parylates itself, TIP5 and histones.  
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PARP1 activity is crucial for heterochromatin maintenance at rDNA. CpG 
methylation as well as silent histone modifications (i.e. H3K9me3) decrease upon 
PARP1 knockdown or overexpression of an enzymatic mutant PARP1 (lacking 
ability to generate PAR polymers). The observation that PARP1 only transiently 
parylates nascent heterochromatic rDNA implies a functional relevance of PARP1 
activity during heterochromatin formation after replication. How PARP1 dependent 
parylation influences heterochromatin formation will be addressed in this PhD thesis.  
 
 
1.3.3 rDNA heterochromatin and the formation of nuclear heterochromatin 
Similarly to constitutive heterochromatic domains, rDNA heterochromatin replicates 
during mid/late S phase. Remarkably, constitutive heterochromatic structures also 
physically associate with nucleoli, surrounding them in interphase cells (Guetg et al., 
2010; Pluta et al., 1995). In mice, these sequences mainly represent repetitive 
satellites sequences like the pericentric and centric repeats (corresponding to alpha 
satellites in humans). Moreover, the inactive X-chromosome contacts the nucleolus 
during mid/late S phase and this interaction is required for silent chromatin 
maintenance of its facultative heterochromatin (Zhang et al., 2007). Recent findings 
further linked rDNA heterochromatin to the formation of centric- pericentric 
heterochromatin. Depletion of TIP5 and PARP1 not only decrease silent histone 
modifications (i.e. H3K9me3, H3K9me2) at rDNA, but also on major and minor 
satellites (mouse) and alpha satellites (human) (Guetg et al., 2010; Guetg et al., 2012). 
Consequently, cells lacking TIP5 suffer severe genome instability. Similarly, lack of 
PARP1 is associated with chromosomal instability, characterized by increases 
chromosome fusion and aneuploidy (d'Adda di Fagagna et al., 1999). Consistent with 
a role of PARP1 in the formation of constitutive heterochromatin PARP1 was 
identified as interacting partner of SMARCAD1, a protein that is recruited to sites of 
DNA replication and ensures correct reestablishment of pericentric heterochromatin 
(Rowbotham et al., 2011). PARP1 is also bound to telomeres and has been implicated 
in the formation of facultative heterochromatin at the inactive X chromosome 
(Beneke et al., 2008; Nusinow et al., 2007). 
  




Analysis of the temporal dynamics of post-replicative chromatin restoration at 
euchromatin and heterochromatin and the role of PARP1  
 
To maintain cell identity and function, a dividing cell must replicate not only its 
genome but also the epigenome. Epigenetic modifications at histones and DNA must 
surmount the challenge of DNA replication, in which chromatin is disassembled ahead 
of the replication fork and then reassembled onto two daughter genomes after DNA 
synthesis. Restoration of epigenetic modifications is a critical step since it can affect 
the maintenance of information conveyed at the epigenomic level and in turn impact 
gene expression and genome stability. However, it remains largely unknown how 
chromatin and epigenetic states are restored to parental states. Moreover, whether the 
distinctive features of euchromatin and heterochromatin require different modalities 
for the restoration of the parental chromatin state remains yet to be elucidated.  
 
In this work, we aimed to analyse the temporal dynamics of post-replicative 
chromatin restoration at euchromatin and heterochromatin.  
The specific aims were: 
1. To establish an assay to monitor the maturation of chromatin and epigenetic 
modifications after replication 
2. To determine the temporal dynamics of chromatin restoration after replication 
3. To define whether euchromatin and heterochromatin use the same modalities to 
duplicate their chromatin and epigenetic signature. 
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A dividing cell must not only accurately duplicate its genome, but also its organization into 
chromatin. This process includes the post-replicative restoration of epigenetic modifications at 
DNA and histones that specify distinct chromatin states such as euchromatin and 
heterochromatin. Current models of epigenetic inheritance are based on the notion that the newly 
synthesized DNA is rapidly methylated and assembled into chromatin shortly after replication. By 
profiling the temporal dynamics of post-replicative establishment of euchromatin and 
heterochromatin, we found that the assembly of nucleosomes and DNA methylation at nascent 
constitutive heterochromatin is a slow process that lasts until G2/M. PARP1 transiently associates 
with nascent heterochromatic DNA, a time that coincides with the restrained assembly of 
nucleosomes. Inhibition of PARP1-mediated ADP-ribosylation caused a rapid assembly of 
nucleosomes at nascent heterochromatin as observed at euchromatin and impairs DNA 
methylation without altering the association of the DNA methylation machinery. The results 
indicate that a delayed post-replicative nucleosome assembly at heterochromatin facilitates 
methylation at DNA, unravelling a post-replicative temporal coordination between nucleosome 
deposition and DNA methylation. 
  







In eukaryotic organisms, the replication of the genome and epigenome are critical to maintain cell 
identity and function. The restoration of epigenetic modifications at histones and DNA onto the 
two daughter genomes is a critical step since it can affect the maintenance of information 
conveyed at epigenetic level and in turn impact gene expression and genome stability (1). 
Histones and their modifications must surmount the challenge of DNA replication, in which 
chromatin is disassembled ahead of the replication fork and reassembled onto two daughter 
genomes after DNA synthesis (2). Moreover, due to the semi-conservative nature of DNA 
replication, methylation at cytosines has to be re-established (3). Studies on chromatin restoration 
after replication have mainly focused on the constitutive heterochromatin, which is enriched in 
repetitive sequences, highly condensed, and replicating in late S-phase (4). In the post-replicative 
re-establishment of heterochromatin, the proliferating cell nuclear antigen (PCNA) seems to play 
a central role by coordinating replication of DNA with the restoration of the epigenome through its 
ability to recruit the maintenance DNA methyltransferase DNMT1, several chromatin remodelers, 
histone modifying enzymes and histone chaperons (5). Still, it remains largely unknown how most 
regulators are recruited and when heterochromatin is completely restored to parental states. 
Furthermore, it is still unknown how chromatin structures other than constitutive heterochromatin 
are re-established after replication. Euchromatin is fundamentally different from constitutive 
heterochromatin due to a less condensation, gene-rich content, high transcription levels, 
enrichment in active histone modifications and replication in early S-phase (6). Whether the 
distinctive features of euchromatin and heterochromatin require different modalities for the 
restoration of the parental chromatin state remains yet to be elucidated.  
In this work, we analysed and compared the temporal dynamics of post-replicative chromatin 
restoration at euchromatin and heterochromatin. We established an assay based on BrdU 
labelling of nascent euchromatic or heterochromatic DNA in synchronized cells and tracking the 
maturation of the formed chromatin at later time points. We circumvent the use of DNA 
polymerases inhibitors for cell cycle synchronization (known to induce cellular stress) by using 
T24 bladder tumour cells. T24 cell cycle synchronization is based upon a contact inhibition for 3 
days, followed by seeding at a lower cell density to let cells re-enter into cell cycle (7, 8) (Fig. 1A). 











T24 cell-cycle synchronization and progression is highly efficient and reproducible and was 
confirmed by flow cytometry (FACS) for every experiment (Fig. 1B). After 14 hours, cells reach 
G1/S (here referred to as t = 0h) and synchronously progress through S, G2 and M phases. The 
majority of DNA synthesis is completed 8 hours after entry into S phase as indicated by 
measurements of BrdU incorporation (Fig. 1C). The significant increase of mitotic histone H3S10 
phosphorylation (H3S10ph) locates G2/M phase boundary at h 10 (Fig. 1D).  
To compare the maturation of euchromatin and heterochromatin after replication, we excluded 
a bias based on DNA sequences by measuring chromatin maturation at ribosomal RNA (rRNA) 
genes, which represent a paradigm of both euchromatin and heterochromatin. In each cell, rRNA 
genes are present in 400 copies of identical sequences. A fraction of genes is organized in 
euchromatic structures and replicate in early S-phase while the other portion is heterochromatic 
and replicates in mid/late S-phase (Fig. S1A) (8, 9). 
First, we monitored the temporal dynamics of heterochromatin restoration after replication by 
analysing nascent heterochromatic rRNA genes and alpha satellites. We synchronized T24 cells 
and labelled DNA replicating during h 6 after entry into S phase with a 1 h BrdU pulse, a time that 
coincides with the replication of heterochromatic rRNA repeats and a portion of alpha satellites 
(Fig. 2A, Fig. S1A,B). After removal of BrdU, cells were chased with thymidin and progressed 
into late S, G2 and M phases. BrdU labelling was limited to sequences replicating during h 6. As 
shown in Figure 2B, DNA from equal amounts of cells collected at the indicated time points (h 6-
10) displayed BrdU enrichment at rRNA repeats as well as alpha satellites at h 6 and no further 
increase in the following time points. Equivalent BrdU-IP efficiencies were ensured by 
amplification of β-lactamase sequences from BrdU-labelled pBluescript plasmid DNA (BrdU-pBS), 
which was added to all samples prior IP. Efficiency of cell cycle synchronization, specificity of 
BrdU-labelling and BrdU-IP were further supported by the lack of BrdU at GAPDH, which 
replicates in early S-phase (Fig. S1B).  
We initially measured the assembly of nucleosomes at heterochromatic rRNA genes and 
alpha satellites after the passage of the replication fork. The current model proposes that histones 
are placed on new DNA as soon as the replication is completed (10). This model is based on 







pioneering work using nucleases to probe chromatin assembly after replication, which defined a 
time window of approximately 15-20 min for new DNA to be packaged into a structure with 
nucleosomal periodicity and nuclease resistance similar to bulk chromatin (11, 12). However, 
these studies were performed on total replicating DNA and, consequently, were not informative 
on the kinetics of nucleosome assembly at different chromatin domains. We performed BrdU-IP 
on DNA purified from mononucleosomes obtained by Micrococcal nuclease (MNase) digestion of 
chromatin from h 6 BrdU-labelled cells collected every hour until G2/M (Fig. 2C, Fig. S1D). 
Surprisingly, we observed an increase of nucleosome occupancy lasting until G2/M, suggesting 
that assembly of nucleosomes into newly replicated heterochromatic rRNA repeats and alpha 
satellites is not completed immediately after replication. A similar result was obtained with 
heterochromatic rRNA genes and major satellites in mouse NIH3T3 cells, indicating that the slow 
incorporation of nucleosomes on nascent heterochromatin is a conserved process (Fig. 2D, Fig. 
S1E). Consistent with these results, sequential anti-histone H3 ChIP followed by BrdU-IP 
revealed that the assembly of histone H3 into h 6 replicated heterochromatic rDNA and alpha 
satellites continues until 3 hours after replication (Fig. 2E). The slow incorporation of histone H3 
could also be detected by immunoblot analysis of hourly taken chromatin-bound fractions of equal 
numbers of synchronized T24 cells which show a global increase of chromatin-bound histones H3 
that lasts until G2 (Fig. 1D). Accordingly, the silent H3K9me2 mark at replicated DNA displays a 
similar profile of histone H3 incorporation, increasing for 3 further hours after replication of rRNA 
genes and 4 hours on alpha satellites (Fig. 2F). Although in this experimental set-up we cannot 
distinguish parental from new histones, the slow acquisition of H3K9 methylation is consistent 
with recent proteomic analyses showing that the majority of lysine modifications on new histones 
are acquired after the S-phase (13-15). Together, these results indicate that at heterochromatic 
regions not only the re-establishment of H3K9 dimethylation but also the assembly of 
nucleosomes is not taking place immediately after replication, but is a slow process. 
Next, we monitored DNA methylation after replication. Since DNA replication is a semi-
conservative mechanism, post-replicated DNA is hemi-methylated and its methylation pattern is 
restored on the newly synthesized daughter strand by DNMT1, while the parental strand serves 







as template (3). Due to the association of DNMT1 with PCNA and with sites of DNA replication, it 
is generally assumed that DNA replication and methylation are kinetically and mechanistically 
coordinated (16, 17). Consequently, DNA methylation is considered to be restored immediately 
after the passage of the replication fork. To determine the restoration timing of DNA methylation 
at heterochromatic repeats (18), we established an assay based on sequential IP on h 6 BrdU-
labelled cells (Fig. 2G). We first immuno-precipitated methylated ss-DNA (MeDIP) followed by 
BrdU-IP to quantify and monitor methylation of rRNA sequences replicated during h 6. As shown 
in Figure 2H, DNA methylation increases throughout the 3 hours post-replication and shows a 
profile that recalls the slow assembly of nucleosomes. These results strongly suggest that DNA 
methylation is not kinetically coordinated with the replication machinery and that methylating a 
cytosine might take far longer than to incorporate it. The uncoupling of DNA methylation and DNA 
replication is also consistent with previous studies showing a PCNA-independent localization of 
DNMT1 at constitutive heterochromatin in late S and G2-phases (19). These results are further 
supported by the 3-4 orders of magnitude difference in the estimated kinetics of DNA replication 
in vivo (0.035s per nucleotide) and DNA methylation by Dnmt1 in vitro (70-450s per methyl group 
transfer) (20, 21). Our results reflect this different kinetics and indicated that the re-establishment 
of DNA methylation at heterochromatin is not completed immediately after replication but is a 
slow process. 
To determine whether the slow nucleosome assembly after replication is a specific feature of 
heterochromatin, we analysed euchromatic rRNA genes replicating during early S-phase. To this 
purpose, we labelled with BrdU euchromatic sequences replicating in the second hour of S phase 
(h 2, Fig. 3A). BrdU labelling was limited to sequences replicating in this time window, indicated 
by BrdU-IP showing no further increase in BrdU incorporation at rRNA repeats as well as the 
early-replicating GAPDH after h 2 of S phase (Fig. 3B). In contrast to heterochromatin, the 
amounts of BrdU-labeled mononucleosomal DNA display no further increase after h 2 (Fig. 3C). 
A similar result was obtained with histone H3 ChIP analysis followed by BrdU-IP (Fig. 3D). Taken 
together, these results indicate that, in contrast to heterochromatin, nucleosome assembly at 
replicated euchromatin occurs immediately after replication. 









We then asked whether the slow assembly of nucleosomes at nascent heterochromatin is 
required for a faithful duplication of heterochromatic marks. Previous results indicated that 
nascent heterochromatic rRNA repeats are associated with the poly(ADP-ribose)-polymerase-1 
(PARP1) while the euchromatic rRNA genes are not (8). At replicated heterochromatic rRNA 
repeats, PARP1 synthesizes and transfers ADP-ribose (PAR) polymers on itself and other 
proteins such as histones. In the context of DNA repair, the automodified PARP1 has been 
proposed to act as a scaffold for the transient and local sequestration of histones at DNA damage 
sites (22). Although PARP1 activity is generally considered to promote decompaction of 
chromatin and reduction of higher-order structures (23), PARP1-mediated parylation is required 
to establish a closed and epigenetic repressed chromatin at rRNA genes, including CpG 
methylation (8). Importantly, PARP1 binding and parylation of heterochromatic rRNA sequences 
after replication is a transient event (8); the association of PARP1 with rRNA repeats and alpha 
satellites timely coincides with the restrained assembly of nucleosomes at replicated 
heterochromatin (Fig. 4A). These results prompted us to investigate if the slow nucleosome 
assembly on nascent heterochromatin is mediated by PARP1 and whether this process is 
implicated in the maintenance of DNA methylation. Since depletion of PARP1 by siRNA inevitably 
alters cell cycle progression (data not shown), we decided to use the fast-response 
pharmacological inhibition of PARP1 activity by exposing the cells from h 5 on to the PARP1 
inhibitor ABT-888 (PARPi, Fig. S2A,B). This treatment did not perturb replication of 
heterochromatic DNA and S phase progression (Fig. S2C,D). Analysis of nucleosome deposition 
of h 6 replicated DNA under inhibition of PARP1 activity showed a completed assembly shortly 
after replication (Fig. 4B, Fig. S2E) and exhibits a kinetics comparable to the chromatinization of 
euchromatic DNA (Fig. 3C). A similar fast assembly was also obtained for the incorporation of 
histone H3 and H3K9me2 at nascent DNA on cells treated with PARPi (Fig. 4C,D). PARP1 
activity only affects the post-replicative kinetics of nucleosome deposition during S and G2 
phases, as the total amounts of the assembled nucleosomes and the levels of H3K9 methylation 
with or without PARPi show no significant difference at G2/M. Together these results indicate that 






PARP1 activity is required for the slow deposition of nucleosomes at heterochromatic DNA after 
replication.  
The catalytic efficiency of DNMT1 was shown to be significantly compromised on nucleosome 
substrate when compared to naked DNA (24, 25), a result that is consistent with the low DNA 
methylation content measured on nucleosomes in vivo (26). The inaccessibility of nucleosomal 
DNA for methylation was also proposed for the de novo methylation directed by Dnmt3a and 
Dnm3b, which is occluded from nucleosomal DNA (27). We reasoned that an efficient post-
replicative DNA methylation observed on rRNA heterochromatin might greatly depend on the 
amounts of nucleosomes assembled on replicated DNA. Therefore, we asked whether the 
accelerated loading of nucleosomes caused by inhibition of PARP1 activity might affect DNA 
methylation at heterochromatic rRNA genes after replication. As shown in Figure 4E, inhibition of 
PARP1 strongly reduces the incorporation of methyl groups on nascent rRNA genes (Fig. 4F, Fig. 
S2F). Inactivation of PARP1 activity did not affect two crucial factors for the transmission of DNA 
methylation, DNMT1 and UHRF1 (28). PARP1 inhibition does not alter DNMT1 expression, the 
interaction of DNMT1 with the heterochromatic repeats and the global association with chromatin 
during S phase progression (Fig. S3A,B). Similarly, the association of DNMT1 with rRNA genes 
and alpha satellites does not depend on PARP1 itself (Fig. S3C). Moreover, the interaction of 
DNMT1 with TIP5, a factor implicated in the establishment of DNA methylation at rRNA genes 
(29), was not altered upon PARP1 inhibition (Fig. S3D). The previously described interaction of 
UHRF1 with PARP1 (30) does not depend on PARP1 activity (Fig. S4A). Similarly, binding of 
UHRF1 and PARP1 with rRNA repeats and alpha satellites does not require active PARP1 (Fig. 
S4B). Finally, the association of TIP5 with UHRF1 is not mediated by PARP1 (Fig. S4C). 
Together, these results indicated that PARP1 activity is required for the establishment of DNA 
methylation patterns after replication without affecting the association of the DNA methylation 
machinery. 
Faithful maintenance of methylation over many cell divisions is critical for proper formation of 
heterochromatic structures. Even a mildly inhibitory effect on DNMT activity by nucleosomes 
assembled on newly synthesized DNA would result in substantial losses in DNA methylation over 








the course of many cell divisions. The slow deposition of nucleosomes mediated by PARP1-ADP-
ribosylation might represent an important opportunity for the heterochromatin to allow the 
completion of methylation at the DNA, which would be inefficiently modified if immediately 
assembled into condensed chromatin structures (Fig. 4F, S5). This temporary restrained 
deposition of nucleosomes is a specific feature of heterochromatin as indicated by the rapid 
assembly of nucleosomes observed after replication of euchromatic genes, which are generally 
free of DNA methylation. Hypomethylation at heterochromatic DNA repeats is a hall-mark of 
cancer cells (31). The post-replicative temporal coordination of DNA methylation and nucleosome 
assembly at heterochromatin might represent an important process to consider in future studies 
aimed to understand alterations in epigenome and genome integrity during tumour progression. 
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Cell cycle synchronization of T24 cells 
 (A) Outline of cell cycle synchronization for T24 cells.  
(B) FACS analysis. Representative cell cycle profile of T24 cells progressing from G1/S to G2/M 
phases.  
(C) Quantifications of BrdU incorporation of synchronized T24 cells that were 1h pulse-labeled at 
the indicated time points (Fig. S1A). Anti-BrdU immunofluorescent images were digitally recorded 
and quantified by counting BrdU positive cells relative to total cell number (100-200 cells).  
(D) Western blot analysis for chromatin bound histone H3 and the mitotic marker histone H3S10p 
from equal amounts of T24 cells collected at the indicated time points of synchronized cells. 
Histone H3 signal was quantified using the Odyssey
®
 software. Data are mean ± SEM (n = 4 
independent experiments).  
*P < 0.05 (unpaired, two tailed t-test) 
 
Figure 2 
Nucleosome occupancy and DNA methylation at heterochromatin are not restored 
immediately after replication  
(A) Scheme representing the strategy to monitor chromatin maturation after replication of 
heterochromatic rRNA genes and alpha satellites. DNA replicating during h 6 was labelled with a 
1h BrdU pulse. Arrows indicate the time of sample collection before (h 5) and after BrdU-labeling.  
(B) BrdU-labelling is limited to rRNA genes and alpha-satellites replicating only during h 6. qPCR 
of anti-BrdU immuno-precipitation (BrdU-IP) of DNA from equal amounts of h 6 BrdU-labelled T24 
cells collected at the indicated time points. Equal IP efficiencies are shown by amplification of β-
lactamase sequences from BrdU-labelled pBluescript plasmid DNA (BrdU-pBS). Data are 
normalized to input and h 6 values and are mean ± SEM (error bars) (n = 3 independent 
experiments).  








(C and D) Deposition of nucleosomes after replication of heterochromatin is a slow process. Anti-
BrdU-IP of mononucleosomal DNA of T24 (C) or NIH3T3 (D) cells labelled with BrdU during h 6. 
rRNA genes (C,D), alpha satellites (C) and major satellites (D) were quantified by qPCR and 
normalized to input and h 6 values. Data are mean ± SEM (error bars) (n = 3 independent 
experiments).  
(E and F) Deposition of histone H3 and H3K9me2 after replication of heterochromatin is a slow 
process. Sequential ChIP/BrdU-IP. Data are normalized to input and h 6 values and are mean ± 
SEM (error bars) (independent experiments: n=5 for histone H3, n=3 for H3K9me2).  
(G) Experimental strategy to quantify CpG methylation at newly synthesized DNA strands of h 6 
replicated heterochromatin.  
(H) Sequential MeDIP/BrdU-IP analysis in T24 cells showing post-replicative methylation levels of 
h 6 replicated heterochromatic rRNA genes. Data are normalized to input and h 6 values and are 
mean ± SEM (error bars) (n = 4 independent experiments).  
*P < 0.05, **P < 0.01, ***P < 0.001 ns: not significant (unpaired, two tailed t-test) 
 
Figure 3 
Nucleosomes at euchromatic genes are restored immediately after replication.  
(A) Scheme representing the strategy to monitor chromatin maturation after replication of 
euchromatic rRNA and GAPDH genes. DNA replicating during h 2 was labelled with a 1h-pulse of 
BrdU. Arrows indicated the time of sample collection before (h 1) and after BrdU-labelling.  
(B) BrdU-IP showing that BrdU-labelling is limited to h 2 replicated euchromatic genes only. 
BrdU-DNA levels were measured by qPCR, normalized to input and h 2 values and are mean ± 
SEM (error bars) (n = 3 independent experiments).  
(C) Anti-BrdU-IP of mononucleosomal DNA of T24 cells labelled with BrdU at h 2 of S phase. h 2 
replicated rRNA and GAPDH genes were quantified by qPCR, normalized to input and h 2 values 
and are mean ± SEM (error bars) (n = 2 independent experiments).  








(D) Sequential ChIP/BrdU-IP analysis showing post-replicative occupancy of histone H3 at h 2 
replicated rRNA and GAPDH genes. Values are normalized to input and h 2 values and are mean 
± SEM (error bars) (n = 3 independent experiments).  
ns: not significant (unpaired, two tailed t-test) 
 
Figure 4 
PARP1 activity slows down post-replicative nucleosome assembly and is essential for the 
maintenance of DNA methylation.  
(A) Sequential PARP1-ChIP/BrdU-IP analysis showing that the association of PARP1 with rRNA 
genes and alpha satellites is restricted to the first 2 hours after replication. 
(B) Anti-BrdU-IP of mononucleosomal DNA of T24 cells treated with or without PARPi. BrdU-
labeled rRNA genes and alpha satellites levels were measured by qPCR, normalized to input and 
h 6 value of the untreated group and are mean ± SEM (error bars) (n = 3 independent 
experiments).  
(C and D) Sequential ChIP/BrdU-IP analysis showing accelerated post-replicative occupancy of 
histone H3 (D) and H3K9me2 (E) at h 6 replicated DNA in cells treated with PARPi. Values 
normalized to input and h 6 values and are mean ± SEM (error bars) (n = 4 independent 
experiments).  
(E) Sequential MeDIP/BrdU-IP analysis showing inhibition of post-replicative DNA methylation at 
rRNA genes in cells treated with or without PARPi. Values normalized to input and h 6 values and 
are mean ± SEM (error bars) (n = 2 independent experiments).  
*P < 0.05, **P < 0.01, ***P < 0.001 ns: not significant (unpaired, two tailed t-test) 
(F) Model showing the slow deposition of nucleosomes after replication of heterochromatic DNA. 
The restrained assembly of nucleosomes mediated by PARP1-ADP-ribosylation allows the 
completion of methylation at the DNA, which would be inefficiently modified if immediately 
assembled into chromatin. 
 
  








Supplementary Figures  
Supplementary Figure S1  
(A) Scheme representing the strategy used to label nascent DNA to quantify BrdU incorporation 
(Fig. 1A) and for replication timing analysis. BrdU was added 1 hour before sample collection.  
(B) qPCR of BrdU-IPs showing replication timing of rRNA genes, alpha satellites and GAPDH in 
T24 cells.  
(C) qPCR of the early replicating GAPDH gene after BrdU-IP of DNA from T24 cells pulse-
labelled with BrdU at h 6 of S phase. Lack of GAPDH enrichment indicates specificity of BrdU-IP 
and efficiency of cell cycle synchronization. Values are normalized to input and values of h 6 and 
are mean ± SEM (n = 3 independent experiments).  
(D) Representative ethidium bromide-stained agarose gel showing efficiency of MNase digestion 
to obtain mononucleosomes (DNA length ca. 145 bp).  
(E) FACS analysis. Representative cell cycle profile of NIH3T3 cells progressing from G1/S to 
G2/M phases.  
 
Supplementary Figure S2  
(A) 1 h treatment with 10 µM PARPi (ABT-888) is sufficient to inhibit PARP activity in T24 cells. 
Immunofluorescence analysis with anti-10H antibodies showing formation of PAR foci upon H2O2 
treatment of T24 cells. Formation of PAR foci is impaired in cells pre-treated for one hour with 
PARPi. 
(B) Scheme representing the strategy to monitor post-replicative heterochromatin maturation in 
T24 cells treated with PARP1 inhibitor (PARPi).  
(C) Treatment with PARPi does not alter progression from S to G2/M phases. FACS profile of 
synchronized T24 cells with and without PARPi.  
(D) qPCR of anti-BrdU-IP of DNA from h 6 BrdU-labeled T24 cells which were treated with PARPi. 
Values are normalized to input and values of h 6 and are mean ± SEM (n = 4 independent 
experiments).  








(E) Efficiency of BrdU-IP of mononucleosomal DNA from h 6 BrdU-labeled T24 cells, which were 
treated with PARPi. Values show qPCR amplification of β-Lactamase sequences from BrdU-pBS 
which was added at each sample prior IP. Values are normalized to h 6 of control and are mean ± 
SEM (n = 3 independent experiments).  
(F) Similar BrdU-IP efficiencies of MeDIP-DNA samples. qPCR amplification of  β-Lactamase on 
BrdU-pBS after BrdU-IP. Values are normalized to h 6 of control and are mean ± SEM (n = 2 
independent experiments).  
ns: not significant (unpaired, two tailed t-test) 
 
Supplementary Figure S3 
PARP1 activity does not alter DNMT1 recruitment to heterochromatin  
(A) Immunoblot showing soluble and chromatin-bound DNMT1 and PARP1 in untreated and 
PARPi treated synchronized T24 cells during late S phase. Coomassie staining of histone 
proteins and anti-tubulin blot serve as loading controls.  
(B) DNMT1 binds to rRNA genes and alpha satellites independently of PARP1 activity. ChIPs 
showing association of DNMT1 in T24 cells treated with or without PARPi. Values are normalized 
to input and are mean ± SEM (n = 3 independent experiments). 
(C) DNMT1 binds to rRNA genes and alpha satellites independently of PARP1. ChIPs showing 
association of DNMT1 in T24 cells upon knockdown of PARP1 with siRNA. Values are 
normalized to input. Data are mean ± SEM (n = 2 independent experiments). Right panel shows 
PARP1 knockdown efficiency measured by qRT-PCR. PARP1 mRNA values are normalized to 
GAPDH mRNA levels. 
(D) UHRF1 and TIP5 interact in a PARP activity independent manner. FLAG-immunoprecipitation 
of HEK293T cells co-expressing HA-FLAG-TIP5 and DNMT1-MYC. Co-precipitated proteins are 
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Cell lines  
T24 bladder tumor cells grown in McCoy’s medium (Gibco) were arrested in G0 by contact 





 and reached G1/S phase boundary after 14 hours. NIH3T3 cells were grown in DMEM 
(Gibco) medium and arrested at G1/S boundary upon treatment with 2µg/ml aphidicolin for 18 
hours (Guetg et al., 2010). Cell-cycle synchronization and progression was confirmed by flow 
cytrometry on a CyAn ADP Analyzer (Beckman Coulter) (FACS). HEK293T cells were grown in 
DMEM (Gibco) medium. HEK293T cells were selected with puromycin (0.4µg/ml; Gibco) for 
stable expression after transduction with retroviruses expressing shRNA-control and human 
PARP1-sequences (pLTR-PPT-RRE-H1-TetO2-shRNAcontrol-PGK-Puro and pLTR-PPT-RRE-H1-
TetO2-shRNAhPARP1-PGK-Puro.)  
 
Chromatin Immunoprecipitation (ChIP) and re-ChIP  
ChIP analysis was performed as previously described (Santoro, 2014). Briefly, formaldehyde 1% 
was added to cultured cells to cross-link proteins to DNA. Isolated nuclei were then lysed and 
sonicated using a Bioruptor ultrasonic cell disruptor to shear genomic DNA to an average 
fragment size of 200bp. 20µg chromatin was diluted to a total volume of 500µl with IP buffer (16.7 
mM Tris-HCl pH 8.1, 167 mM NaCl, 1.2 mM EDTA, 0.01% SDS, 1.1% Triton X-100) and pre-
cleared with 10µl packed Sepharose beads for 2 hours at 4°C. Pre-cleared chromatin was 
incubated overnight with the indicated antibodies. The next day, Dynabeads protein-A (or -G, 
Millipore) were added and incubated for 4 hours at 4°C. After washing, bound chromatin was 
eluted with the elution buffer (1% SDS, 100 mM NaHCO3). Upon reversion of crosslinking (65°C, 
overnight), DNA was purified with phenol/chloroform, ethanol precipitated and quantified by 
qPCR.  
For reChIP experiments, first-ChIP chromatin bound to Dynabeads protein-G was eluted with 10 
mM DTT twice for 30 minutes at 37°C and the resulting eluate was diluted 40 times with IP buffer. 





To dispose of potentially co-eluted antibodies from the first ChIP, chromatin was pre-cleared for 2 
hours at 4°C with G-protein Sepharose beads. Pre-cleared chromatin was then incubated again 
over night with antibodies and immuno-precipitated as described above.  
 
Micrococcal nuclease digestion 
7x10
6 
T24 cells were crosslinked in 1% formaldehyde for 10 minutes, harvested and washed 3 
times in phosphate buffered saline (PBS) buffer. Cells were resuspended in 1.5 ml lysis buffer (10 
mM Tris-HCl pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.5% NP-40, 0.15 mM spermine, 0.5 mM 
spermidine) and incubated on ice for 5 minutes. After 10 minutes centrifugation at 850 rcf at 4°C, 
nuclei where respended in Micrococcal nuclease (MNase) digestion buffer (10 mM Tris-HCl pH 
7.4, 15 mM NaCl, 60 mM KCl, 0.15 mM spermine, 0.5 mM spermidine), centrifuged again at 850 
rcf at 4°C for 10 minutes and resuspended in 200µl MNase digestion buffer containing 1 mM 
CaCl2. Nuclei were then incubated with 90 U of MNase (Roche) at 25°C for 20 minutes. The 
reaction was stopped with 260µl nuclease digestion buffer containing 20 mM EDTA, 2 mM EGTA, 
250 mM NaCl and 1% SDS. Decrosslinking and protein digestion was achieved by incubation 
with 10µg Proteinase K at 42°C for one hour, followed by 65°C incubation over night. After 
treatment with RNase A (Thermo Scientific) for 30 minutes at 37°C, DNA was purified with 
phenol/chlorophorm and ethanol precipitated. Amounts and yield of pure DNA corresponding to 
mononucleosomes (DNA length of 150 bp) was always controlled on a 1% agarose gel.  
 
BrdU-Immunoprecipitation  
Cells were pulse labelled (1 hour) with 33 µM 5’-BrdU before sample collection (Guetg et al., 
2010). Anti-BrdU IPs were performed using 2µg purified heat-denatured 200nt DNA fragments 
that were incubated at room temperature (RT) for 30 minutes with 1µg of anti-BrdU antibody 
(Roche) in 0.14 M NaCl, 10 mM Na-phosphate buffer, pH 7.2, 0.05% Triton X-100. DNA-antibody 
complexes were incubated with 40µg of anti-mouse IgGs (Sigma) for 30 minutes at room 
temperature and the precipitates were collected by centrifugation (21000 rcf, for 15 minutes at 
25°C) and dissolved in 50 mM Tris-HCl, pH 8.0, 0.5% SDS, 1 M NaCl and 10 mM EDTA. Proteins 






were digested over night at 42°C with 2µg Proteinase K and DNA was purified by phenol-
chloroform extractions and ethanol precipitation. For BrdU-IPs following ChIP experiment, 
immuno-precipitated (ChIP) DNA was re-suspendend in 70µl H2O2. 50µl  of ChIP-DNA was heat-
denatured and incubated with 1µg anti-BrdU antibodies and purified as described above. To 
ensure similar IP efficiencies, BrdU-labeled pBS plasmid (BrdU-pBS) was added to each sample 
prior IP and β-Lactamase gene sequences were amplified by qPCR. 
 
Methylated DNA immunoprecipitation (MeDIP) 
200bp length DNA fragments were denatured and incubated over-night with 5mC-antibody 
(Diagenode) in 200µl IP buffer (10 mM Na-phosphate buffer, pH 7.0, 140 mM NaCl, 0.05% Triton 
X-100). The day after, 20µl  protein-G Dynabeads (Millipore) were added and incubated for 2 
hours at 4°C. Beads were then washed three times at RT for 10 minutes with the IP buffer and 
subsequently incubated with 250 µl Proteinase K digestion mix (50 mM Tris-HCl pH 8, 0.5% SDS, 
10 mM EDTA, 2µg Proteinase K) over night at 42°C. The DNA was purified with 
phenol/chloroform, ethanol precipitated and quantified by qPCR. 
 
Co-Immunoprecipitation 
HEK293T cells were transfected with the Ca-phosphate method and the indicated plasmids. 
Nuclei were obtained by resuspending cells in hypotonic buffer (0.5% NP-40, 85 mM KCl, 5 mM 
HEPES, pH 7.4) and subsequent centrifugation at 6000 rcf for 10 minutes at 4°C. Nuclei were 
then resuspended in Nuclear extraction buffer (50 mM Tris-HCl pH 7.5, 0.15 M KCl, 5 mM MgCl2, 
0.2 mM EDTA, 20% Glycerol, 0.5 mM DTT and 0.5% NP-40) and sonicated 2 times 30 seconds 
with a Bioruptor ultrasonic cell disruptor. After DNaseI treatement for 1h at 4°C, extracts were 
sonicated again for 30 seconds and centrifuged for 10 minutes at 4°C with 3400 rcf. 0.5mg of 
protein from the resulting supernatant was immunoprecipitated overnight at 4°C using an 
immobilized antibody against HA (anti-HA-Agarose, Sigma) or M2 beads (anti-Flag, Sigma). 
0.05mg (10%) of the extracts was later used to check for equal input material. Immuno-
precipitates were washed three times at 4°C for 5 minutes with wash buffer (20 mM Tris-HCl pH 






7.8, 150 mM KCl, 5 mM MgCl2, 0.2 mM EDTA, 10% glycerol, 0.1% Tween and 0.1 mM PMSF). 
Beads were pellet by centrifuging for 5 minutes at 4°C with 500 rcf. Proteins were eluted and 




T24 cells were pulsed labelled with 33 µM BrdU for 1 hour at the indicated time points of the cell 
cycle. BrdU incorporation assay was measured by growing T24 cells on polylysin-covered 
coverslips. Cells were pulse labelled with 33 µM BrdU for 1 hour at the indicated time points of 
the cell cycle and fixed with methanol (7 minutes, RT). DNA was denatured with 2 M HCl for 60 
minutes at 37°C. After washing with PBS, cells were incubated with anti-BrdU antibodies (Roche) 
followed by Cy3-coniugated goat anti-mouse IgG (Jackson Immuno Research) and DAPI. 
Immunofluorescent images were digitally recorded and quantification was performed by counting 
BrdU positive cells relative to total cell number.  
To measure PAR formation, T24 cells grown on polylysin-covered coverslips were treated with 10 
µM ABT-888 for 1 hour. PAR-formation was induced with 0.1 mM H202 in 1xPBS and 1 mM MgCl2 
for 10 minutes. Cells were fixed in methanol/acetic acid (3:1) on ice for 5 minutes, blocked in PBS 
with 5% milk powder and 0.05% Tween and incubated with 10H antibodies in blocking solution. 
After incubation with Cy3-coniugated goat anti-mouse IgG, cells were stained with DAPI. 
Immunofluorescent images were digitally recorded. 
 
Chromatin Extraction 
Chromatin bound proteins were isolated by incubating cells in chromatin extraction buffer (200 
mM NaCl, 10 mM HEPES, 3 mM MgCl2 and 0.5%Triton X-100) for 30 minutes at RT, followed by 
10 minutes centrifugation at RT at 10600 rcf. The supernatant (unbound fraction) was denatured 
with 1xLämmli buffer and frozen at -20°C. The pellet (chromatin fraction) was resuspended in 
100µl chromatin extraction buffer and sonicated 2 times 30 sec with a Bioruptor ultrasonic cell 
disruptor. After addition of 20µl 6xLämmli buffer and cooking 5 minutes at 95°C, chromatin 




fraction was again centrifuged for 5 in at RT at 10600 rcf. The supernatant of this centrifugation 
represent the chromatin bound proteins. Proteins were separated on a 15% SDS-polyacrylamide 
gel (for histones) or a 6% SDS-polyacrylamide gel (for DNMT1 and PARP1) and analyzed by 
western blot. Bands were quantified using the Odyssey
®
 software for quantification. 
 
Antibodies 
Anti-H3 (ab1791), anti-HA (ab9110), anti-GFP (ab290), anti-DNMT1 (ab13537) were purchased 
from Abcam. Anti-PARP1 (46D11) was from Cell Signaling anti-UHRF1 (MABE308), anti-H4K5ac 
(07-327), anti-H3K9me2 (17-648) and anti-H3S10p (06-570) were from Millipore, anti-Brdu (11 
170 367 001) from Roche and anti-5mc (MAb-081-100) from Diagenode. Anti-UHRF1 (sc-
373750), Anti-myc (sc49) and anti-PARP1 (sc53643) were obtained from Santa Cruz and Anti-HA 
(MMS-101P) from Covance! 
 
Plasmids 
The following plasmids were used in this study: pLTR-PPT-RRE-CMV-HA-FLAG-TIP5-PGK-puro, 
pcDNA-FLAG-HA-UHRF1, pcDNA-HA-UHRF1, pcDNA-HA-PARP1, pEGFP-N1-PARP1, pEGFP-
N1-PARP1Y907A;C908Y, pcDNA-cherry-PARP1, pcDNA-cherry-PARP1Y907A;C908Y, pcDNA-




Primers used to amplify human sequences: 
rDNA promoter -150/-133  Fwd CGATGGTGGCGTTTTTGG  
rDNA promoter +9/+21   Rev GACAGGTCGCCAGAGGACAGC 
rDNA promoter -42/-22  Fwd TTTCGCTCCGAGTCGGCAATT (This primer was used for  
    qPCR of mononucleosomal DNA)   
alpha satellites    Fwd CTGCACTACCTGAAGAGGAC 
alpha satellites    Rev GATGGTTCAACACTCTTACA 






GAPDH     Fwd TGCACCACCAACTGCTTAGC 
GAPDH    Rev GGCATGGACTGTGGTCATGAG 
IP10     Fwd GGGAAATTCCGTAACTTGGA 
IP10    Rev AAGCCATTTTCCCTCCCTAA 
 
Primers used to amplify mouse sequences 
rDNA promoter -105/-87  For CCCAGGTATGACTTCCAG 
rDNA promoter -21/-1  Rev ACCTATCTCCAGGTCCAATAG 
Major satellites    For GACGACTTGAAAAATGACGAAATC 
Major satellites    Rev CATATTCCAGGTCCTTCAGTGTGC 
Gapdh     For TGCACCACCAACTGCTTAGC 
Gapdh     Rev GGCATGGACTGTGGTCATGAG 
 
-lactamase   Fwd CCTCCGATCGTTGTCAGAAG 
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3.2 Unpublished Results 
 
3.2.1 PARP1 and UHRF1 bound DNA is heterochromatic and enriched in 
unmodified Histone 3 
The results of Supplementary Figure 4S (3.1.1 Assembly of heterochromatin after 
replication is a slow process required for DNA methylation) indicated that PARP1 and 
UHRF1 associate and co-occupy rDNA and alpha satellites. To further characterize 
the epigenetic environment of PARP1 and UHRF1 bound genes, we performed reChIP 
experiments and determined which HTMs characterized PARP1 or UHRF1 bound 
nucleosomes, respectively. To measure and compare the occupancy of defined 
histones modifications on PARP1 associated nucleosomes, data were normalized to 
H3 enrichment. Values measured in classical ChIP (single ChIP) indicated the total 
occupancy of a specific HTMs or histone at a measured sequence. The enrichment of 
each HTM at PARP1 bound nucleosomes was evaluated by comparing the HTM 
occupancy of the reChIP (HTMs at PARP1 bound nucleosomes) to the single ChIP 
values (total levels of HTMs). 
First, we assed the relative occupancy of the active HTM H3K4me2 on PARP1 bound 
nucleosomes. We observed a decreased occupancy of H3K4me2 on PARP1 associated 
nucleosomes (reChIP) compared to the total amounts determined in the single ChIP 
(Fig. 7A). Along this line, silent histone mark H3K9me2 levels were enriched on 
PARP1 bound nucleosomes (Fig. 7B). These results are consistent with previous 
results showing the association of PARP1 with silent rRNA genes and the role of 
PARP1 in the inheritance of rDNA heterochromatic structures (Guetg et al., 2012). 
Moreover, the data indicated that the association of PARP1 with heterochromatic 
nucleosomes is not only limited to rDNA but also to other repressed regions of the 
genome such as alpha satellites and IP10 gene. Importantly, we observed an enormous 
enrichment of unmodified H3 (using an antibody raised against the unmodified histone 
H3 N-tail, previously shown to only recognize unmodified H3 (Petruk et al., 2012)) in 
PARP1 bound nucleosomes (Fig. 7C). In the single ChIP, unmodified H3 levels were 
not detectable, suggesting that histones are modified swiftly after incorporation and 
unmodified histones are rarely found on chromatin of unsynchronized cells. Taken 
together our data strongly suggest that PARP1 binds to nucleosomes enriched in silent 
histone marks and/or to still poorly modified nucleosomes. The enrichment in 
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unmodified histone H3 might reflect the association of PARP1 with rDNA shortly 
after the passage of the replication fork, a state that is characterized by the 























Figure 7. PARP1 binds to H3K9me2 and unmodified H3 rich chromatin. A. Left panel showing 
the results of the reChIP for H3K4me2 (First ChIP PARP1, Second ChIP H3K4me2). Right panel 
depicting a single ChIP showing the total ccupancy of H3K4me2 at rDNA, alpha satellites and IP10 
chromatin. B. Left panel: Occupancy of H3K9me2 on PARP1 bound nucleosomes. Right panel total 
occupancy of H3K9me2 at rDNA, alpha satellites and IP10. C. Enriched levels of unmodified H3 at 
PARP1 bound nucleosomes is seen in the left panel. The single ChIP shown on the right panel shows 
no unmodified H3 at rDNA, alpha satellites and IP10.  
All experiments were carried out in HEK293T cells overexpressing HA-PARP1. Values are presented 



























































































reChIP: PARP1 ChIP       HTM ChIP
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reChIP: UHRF1 ChIP       HTM ChIP
To gain further insights about the possible crosstalk between PARP1 and UHRF1, 
we performed a similar reChIP experiment as shown in Figure 8 to characterize the 
epigenetic signature of UHRF1 bound nucleosomes. We overexpressed HA-UHRF1 
in HEK293T cells and performed a first ChIP against the HA-tag, followed by a 
consecutive ChIP against H3, unmodified H3 and HTMs. As shown in Figure 9 
UHRF1 binds to chromatin bearing the same epigenetic signature as PARP1 bound 
nucleosomes (considering the tested modifications H3K4me2, H3K9me2 and 
unmodified H3). Comparing the occupancy of the active mark H3K4me2 between the 
single ChIP and the reChIP, we can conclude that UHRF1 binds to H3K4me2 poor 
chromatin (Fig. 8A). On the other hand, the silent mark H3K9me2 is enriched on 
UHRF1 bound nucleosomes (Fig. 8B). Similarly to the results obtained in the PARP1 
reChIP experiment, we observed that UHRF1 binds to chromatin, which is highly 
enriched in unmodified H3 (Fig. 8C). We conclude that UHRF1 as well as PARP1 
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Figure 8. UHRF1 binds to H3K9me2 and unmodified H3 rich chromatin. A. Scheme of 
nucleosomes used in the indicated reChIP or single ChIP. B.  Left panel showing the results of the 
reChIP for H3K4me2 (First ChIP UHRF1, Second ChIP H3K4me2). Right panel depicting a single 
ChIP showing the occupancy of H3K4me2 at rDNA, alpha satellites and IP10 chromatin. C. Left 
panel: Occupancy of H3K9me2 on UHRF1 bound nucleosomes. Right panel total occupancy of 
H3K9me2 at rDNA, alpha satellites and IP10. D. Enriched levels of unmodified H3 at UHRF1 bound 
nucleosomes on the left panel. The single ChIP shown on the right panel shows no unmodified H3 at 
rDNA, alpha satellites and IP10. All experiments were carried out in HEK293T cells overexpressing 
HA-UHRF1. Values are presented as bound over input and normalized to H3. Data are mean ± SEM 
(error bars, independent experiments: n=2). Experiments were performed together with Anita Steiner. 




During cell division, the DNA as well as its organization into chromatin has to be 
duplicated. How complex chromatin structures with their specific epigenetic 
modifications are restored after the passage of the replication fork remains a 
fundamental question with implications for eukaryotic development and diseases. The 
aim of this work was to elucidate the dynamics of restoration of euchromatic and 
heterochromatic structures after replication. We have established a method to monitor 
and quantify nucleosome assembly and restoration of epigenetic marks at newly 
replicated DNA from the passage of the replication fork to mitosis. To exclude a bias 
based on DNA sequences, we measured chromatin maturation at ribosomal RNA 
(rRNA) genes, which represent a paradigm of both euchromatin and heterochromatin. 
We extended this analysis also to other euchromatic and heterochromatic sequences 
such as the GAPDH gene and alpha satellites. Using this strategy, we determined that 
the assembly of nucleosomes at heterochromatic repeats is a slow process that lasts 
until G2/M. This is a specific feature of heterochromatin since nucleosome assembly 
after replication of euchromatic sequences is a rapid process, as described for bulk 
chromatin in early works. We showed that the association of histone H3 dimethylated 
at Lys 9 (H3K9me2) at heterochromatic sequences does not occur immediately after 
replication and the kinetics of H3K9 methylation incorporation is similar to the one 
found for the assembly of nucleosomes and histone H3. Remarkably, the restoration of 
DNA methylation patterns is also a slow process. Furthermore, we discovered that 
PARP1-mediated ADP-ribosylation on nascent heterochromatin is paramount for the 
slow acquisition of nucleosomes and for the restoration of DNA methylation. 
Inhibition of PARP activity caused a rapid assembly of nucleosomes at nascent 
heterochromatin as observed at euchromatin and impairs DNA methylation without 
altering the association of the DNA methylation machinery. Based on these results we 
concluded that ADP-ribosylation might facilitate methylation on DNA by temporarily 
keeping an open chromatin conformation at nascent heterochromatin (Figure 9). Our 
work unravelled a post-replicative temporal coordination between nucleosome 
deposition and DNA methylation and suggests that a delayed post-replicative 
nucleosome assembly at heterochromatin might serve to facilitate restoration of DNA 
methylation patterns.  

















Figure 9. Model showing the slow deposition of nucleosomes after replication of heterochromatic 
DNA. The restrained assembly of nucleosomes mediated by PARP1-ADP-ribosylation allows the 
completion of methylation at DNA, which would be otherwise inefficiently modified when assembled 
into chromatin. Inhibition of PARP1 induced rapid assembly of nucleosomes and impairs methylation, 




4.1 Establishment of heterochromatic states does not occur immediately after the 
passage of the replication fork  
Rapid assembly of nucleosomes after DNA replication appears as an undisputed 
concept in the chromatin field. This model is based on pioneering work (Hildebrand et 
al., BBRC 1976; Seale, Nature 1975) using nucleases to probe chromatin assembly 
after replication, which defined a time window of approximately 15-20 min for new 
DNA to be packaged into a structure similar to bulk chromatin. However, this model 
has never been re-investigated, even though in the last 30 years our knowledge on 
chromatin greatly increased, particularly for the molecular characterization of the 
different chromatin states like euchromatin and heterochromatin. These original 
studies were performed on total replicating DNA and, consequently, they are not 
informative on the kinetics of nucleosome assembly at different chromatin domains. 
Moreover, until recently the post-replicative re-establishment of heterochromatin has 
been considered to occur rapidly after the passage of the replication fork. Indeed, 
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several chromatin and epigenetic factors (i.e CAF-1, HDACs, HMTs, DNMT1, 
SNF2H, UHRF1) have been shown to localize to replication foci during S-phase and 
associate with PCNA (Probst et al., 2009). PCNA forms a heterotrimeric ring around 
the DNA helix at the replication fork, however even its trivalent nature cannot possibly 
manage to bind all the potential binding partners (i.e epigenetic regulators) at the same 
time in a coordinated fashion.  
Our results propose that the assembly of nucleosome and chromatin maturation at 
heterochromatin after replication is a slow process. We showed that the incorporation 
of nucleosomes, histone H3 and H3K9me2 last until G2/M – several hours after DNA 
synthesis. The fact that this observation has been missed until now was probably due 
to the limitations of earlier studies analyzing bulk chromatin and not specific 
sequences or specific chromatin structures (Hildebrand et al., BBRC 1976; Seale, 
Nature 1975). This is also true for recent studies describing the restoration of histone 
modifications using a proteomic approach that does not distinguish early from mid-late 
S phase and the distinct chromatin structures (Alabert et al., 2015; Xu et al., 2012; Zee 
et al., 2012). Important information emerging from these recent proteomic analyses 
shows that the majority of lysine modifications on new histones are acquired after the 
S phase. Although in our experimental set-up we cannot distinguish parental from new 
histones, the slow acquisition of H3K9 methylation at nascent heterochromatin is 
consistent with these results.  
The quantification of chromatin formation on specific sequences performed in our 
study determined that some sequences assemble nucleosomes slower than others, 





4.2 PARP1-activity creates a indispensable window of opportunity for DNMT1 to 
methylate nascent DNA 
Much evidence exists to support a paradoxical dual contribution of PARP1 in 
transcription and chromatin regulation. Although PARP1 has been generally 
associated with the regulation of transcriptional active states, PARP1 has also been 
implicated in the regulation of heterochromatic regions such as the inactive X 
chromosome, telomeres, pericentric heterochromatin and silent rRNA genes (Beneke 
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et al., 2008; Dantzer and Santoro, 2013; Guetg et al., 2012; Kanai et al., 2003). 
However, the mechanistic insights of PARP1-mediated regulation remain yet to be 
elucidated. In this work, we showed that PARP1-mediated ADP-ribosylation 
orchestrates the slow assembly of nucleosomes at nascent heterochromatin. Inhibition 
of PARP activity caused a rapid deposition of nucleosomes as well as histone H3 at 
nascent heterochromatin as observed at euchromatin. Previous work determined that 
the association of PARP1 and ADP-ribosylation of histones at heterochromatic rRNA 
genes is limited within the first 2 hours after replication (Guetg et al., 2012).  
The ability of ADP-ribosylation to affect chromatin structures has been well 
documented in the last three decades. PARylation of native polynucleosomes by 
PARP1 was shown to promote a decondensation of the chromatin and 40 ADP-ribose 
residues covalently attached to PARP1 apparently suffice to fully disrupt a 
chromatosome (Althaus, 1992; Poirier et al., 1982; Realini and Althaus, 1992). The 
affinity of histones for poly(ADP-ribose), especially on automodified PARP1, led to 
propose a ‘histone shuttle’ mechanism for chromatin relaxation/recondensation 
involving poly(ADP-ribose) (Realini and Althaus, 1992). The possibility that 
automodified PARP1 can act as a scaffold for the transient and local sequestration of 
histones in order to facilitate a transient decondensation of chromatin is an attractive 
model, not only for its role in replication at heterochromatin described in our work, but 
also for other processes such as repair and transcription.  
Until now, the prevailing view for the maintenance of DNA methylation is that 
DNMT1 restores DNA methylation patterns swiftly after replication. This model is 
mainly based on the association of DNMT1 with PCNA and sites of DNA replication 
(Chuang et al., 1997; Leonhardt et al., 1992). Experimental evidence showed that the 
catalytic efficiency of DNMT1 is significantly compromised on nucleosome substrate 
compared to naked DNA (Okuwaki and Verreault, 2004; Robertson et al., 2004), a 
result that is consistent with the low DNA methylation content measured on 
nucleosomes in vivo (Felle et al., 2011). The inaccessibility of nucleosomal DNA for 
methylation was also proposed for the de novo methylation directed by DNMT3A and 
DNM3B, which is occluded from nucleosomal DNA (Baubec et al., 2015). Together 
with DNMT1 localization to replication foci these findings suggest that DNMT1 has 
to act close to replication fork before DNA is repackaged into a tight, unfavourable 
nucleosomal conformation. However, the assumption linking DNMT1 and DNA 
replication tightly together stands on shaky grounds, due to a difference of 3-4 orders 
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of magnitude in the estimated kinetics of DNA replication in vivo (0.035s per 
nucleotide) and DNA methylation by DNMT1 in vitro (70-450s per methyl group 
transfer) (Jackson and Pombo, 1998; Pradhan et al., 1999). How DNMT1 would catch 
up with the overwhelming speed of the replication fork has not been understood to 
date. Furthermore, the ability of DNMT1 to bind PCNA is neither absolutely required 
nor sufficient for DNA methylation maintenance (Pradhan et al., 1999; Schermelleh et 
al., 2007; Spada et al., 2007). A major limitation in the field of DNA methylation has 
been the lack of a quantitative method to measure the incorporation of methyl groups 
at hemimethylated nascent DNA. In this work, we have developed a method based on 
sequential immunoprecipitation of nascent methylated DNA strands (MeDIP) 
followed by the isolation of nascent DNA (anti-BrdU IP). This method allowed us to 
assess quantitative measurements on the incorporation of methyl-groups at rRNA 
sequences after replication. Our results determined that DNA methylation on 
heterochromatic rDNA is restored slowly and is not completed until G2/M. These data 
reflect the observed different kinetics of DNA replication and DNA methylation by 
showing in vivo that these two processes are not necessarily coordinated and that 
methylating a cytosine might take far longer that to incorporate it.  
We have further shown that PARP1-activity regulates DNA methylation 
maintenance, as nascent DNA is not efficiently methylated in absence of PARP1 
activity. Remarkably, inhibition of PARP activity impairs DNA methylation without 
altering the expression and the association of two crucial factor of the DNA 
methylation machinery, DNMT1 and UHRF1. Despite several reports suggesting a 
regulatory role for PARP1 in DNMT1 stability and expression (directly or through 
UHRF1) (De Vos et al., 2014; Reale et al., 2005), we did not detect any differences in 
DNMT1 and UHRF1 levels or recruitment with or without PARP1 activity or PARP1 
itself. Based on these results, we postulate that the PARP1-mediated slow nucleosome 
assembly creates a window of opportunity for DNMT1 to efficiently methylate DNA. 
The ADP-ribosylated, nucleosome-poor nascent heterochromatin might allow the 
DNMT1 to methylate the nascent strand and faithfully maintain DNA methylation at 
its given speed. In absence of PARP1 activity, the nucleosomes are rapidly assembled 
after DNA synthesis, denying DNMT1 to methylate its hemimethylated substrate.  
 
 




4.3 Genomic and epigenomic instability in cancer  
Hypomethylation at repetitive sequences is a hallmark of cancer genomes (Ehrlich, 
2009). Accordingly, aberrant overexpression of pericentromeric satellite repeats has 
been reported in several epithelial cancers including pancreas, lung, kidney, colon and 
prostate (Eymery et al., 2009; Hall et al., 2012; Ting et al., 2011). Furthermore, 
decondensation of pericentromeric heterochromatin and transcription activation has 
also been observed in several genetic disorders (Ehrlich et al., 2008; Shumaker et al., 
2006). In addition, loss of constitutive heterochromatin favors DNA breaks and 
genomic rearrangements, events that are often observed in cancer (Saksouk et al., 
2015). How hypomethylation of cancer genomes is initiated is not understood. 
According to our results, even a mildly inhibitory effect on DNMT activity by 
nucleosomes assembled on newly synthesized DNA would result in substantial losses 
in DNA methylation over the course of many cell divisions. The post-replicative 
temporal coordination of DNA methylation and nucleosome assembly at 
heterochromatin might represent an important process to consider in future studies 
aimed to understand alterations in epigenome and genome integrity during tumor 
progression.  
The use of PARP inhibitor in cancer therapy has been recently received much 
attention: the synthetic lethal interactions between PARP1 and BRCA1/2 were 
confirmed with PARP inhibitors in vitro, in mouse models, and in a landmark phase I 
clinical trial (Dedes et al., 2011). To fully realize the potential of PARP inhibitors, it is 
necessary to better understand PARP biology. It will be particularrly crucial to 
examine potential long-term effects of PARP inhibition as these clinical trials mature. 
Our results, elucidating a PARP1-dependent mechanism to faithfully propagate DNA 
methylation at heterochromatic repeats, may contribute to better understand, prevent 
or fight diseases and cancer. 
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